Pure erythroid leukemia Acute erythroleukemia -M6a subtype Acute erythroleukemia -M6b subtype Erythroblasts GATA1 protein PU.1 protein TP53 Bromodomain protein MicroRNA A B S T R A C T Acute erythroleukemia is a rare form of acute myeloid leukemia recognized by its distinct phenotypic attribute of erythroblastic proliferation. After a century of its descriptive history, many diagnostic, prognostic, and therapeutic implications relating to this unique leukemia subset remain uncertain. The rarity of the disease and the simultaneous involvement of its associated myeloid compartment have complicated in vitro studies of human erythroleukemia cell lines. Although murine and cell line erythroleukemia models have provided valuable insights into pathophysiology, translation of these concepts into treatment are not forthcoming. Integration of knowledge gained through a careful study of these models with more recent data emerging from molecular characterization will help elucidate key mechanistic pathways and provide a much needed framework that accounts for erythroid lineage-specific attributes. In this article, we discuss the evolving diagnostic concept of erythroleukemia, translational aspects of its pathophysiology, and promising therapeutic targets through an appraisal of the current literature.
Introduction and historical perspective
Erythroleukemia was first described as a leukemic condition by Giovanni Di Guglielmo in the early 1920s, and it was recognized as a distinct morphological and pathological entity from myeloid leukemia based on the predominant erythroid involvement of the involved marrow [1] . Di Guglielmo subsequently distinguished between two variants of the disease, including a pure acute (Di Guglielmo disease) and a more chronic (Di Guglielmo syndrome) form. It gradually became apparent through sequential histological evaluations that erythroleukemia can exist in mixed erthyroblastic-myeloblastic forms and can progress variably through stages, ranging from no myeloblastosis to myeloblastic excess in an erythroid-predominant marrow [2] . This morphologic process of evolution from erythroid predominance to myeloblastic leukemia was coined 'Di Guglielmo syndrome' [3] . In 1951, William Dameshek grouped Di Guglielmo syndrome under the broad umbrella of myeloproliferative diseases (MPDs, now known as myeloproliferative neoplasms) based on the hypothesis that a common hematopoietic cell of origin was responsible for these disorders [4] . At the time, it was unclear whether Di Guglielmo syndrome should include the pure erythroblastic manifestations of disease [5] . Subsequent cytogenetic characterization studies in erythroleukemia revealed various complex cytogenetic abnormalities akin to those observed in acute myeloid leukemias (AML) [6, 7] . Erythroleukemia (EL) was ultimately removed from the rubric of chronic MPDs as it was increasingly recognized as a forerunner of an acute leukemic process [8, 9] .
The French-American-British (FAB) cooperative group, in their first proposal in 1976, included EL within the AML classification system, defining it based on elevated myeloblasts (≥30%) in the overall marrow. However, the proposed criteria frequently left the diagnosis under established as the non-erythroid fraction, the compartment to which myeloblasts were confined in, usually constituted only a minor fraction of the overall marrow [10] . A diagnostic consequence of this was that it would often not be possible to make a diagnosis of erythroleukemia if the non-erythroid marrow were < 30%. The criteria were revised in the 1985 FAB classification which re-defined erythroleukemia (AML M6) as requiring at least 30% of the non-erythroid compartment to be myeloblasts (specifically, ≥30% of non-erythroid compartment) in a > 50% erythroblastic marrow background. However, the diagnostic constraints of AML M6 fell short of recognizing pure erythroblastic forms of disease, which were designated AML M6 variants due to lack of better fit into other morphologic categories http://dx.doi.org/10.1016/j.blre.2017.09.002 [11, 12] . Pure erythroid leukemia (PEL) first emerged as a distinct subentity in the 2001 WHO classification which categorized acute erythroid leukemia into two subtypes: erythroid/myeloid leukemia (EML, FAB M6a) and PEL (FAB M6b) [13, 14] . Under this classification, EML was defined by the following two criteria: [1] erythroid cells comprising ≥50% of total nucleated marrow cells and, [2] myeloblasts comprising ≥ 20% of non-erythroid cells. PEL was defined by maturation-arrested primitive erythroblasts making up at least 80% of nucleated marrow cells.
Myelodysplastic syndromes (MDS), especially refractory anemia with excessive blasts (RAEB) or MDS with erythroid predominance, show overlapping morphological and immunophenotypic features with erythroleukemia and AML with myelodysplasia-related changes, and thus possibly represent a disease continuum evolving through phases from dyserythropoiesis to myeloid proliferation [15] . The presence of increased blasts and multilineage dysplasia in ≥50% of cells in two or more lineages favors the diagnosis of AML with myelodysplasia related changes (AML-MRD) over erythroleukemia. The 2008 WHO criteria refined these diagnoses, and classified AML-MRD as a distinct subcategory [9] . A majority of cases that otherwise fulfilled criteria for acute erythroid leukemia (AEL) were thus reclassified as AML-MRD. The WHO 2008 classification, although retaining the subcategories of WHO 2001, transformed erythroleukemia into a diagnosis of exclusion. Therefore, AML patients previously classified under the heterogeneous AML M6 FAB category, would fall into three subgroups under the 2008 WHO classification: [1] AML with multilineage dysplasia; [2] therapyrelated AML and myelodysplastic syndromes; [3] acute erythroid leukemia subdivided into AML, NOS (erythro/myeloid leukemia type) and AML, NOS (pure erythroid leukemia type) [9, 16] .
The 2008 WHO classification still left areas of diagnostic uncertainty, especially with categorization of cases with < 20% total marrow blasts as erythroleukemia (diagnosis based on non-erythroid percentage of > 20% blasts). Poor inter-observer reproducibility of blast percentages, were cited as concerns that could alternate diagnosis between AML and MDS, with significant implications on therapeutic decision making. In addition, MDS and AEL may represent a disease continuum, the prognosis and clinical course of which is dictated by shared molecular/cytogenetic characteristics than by arbitrary blast percentages [17] . This resulted in the WHO revising the blast counting schema in their most recent 2016 update and eliminating the category of the term AML, NOS (erythro/myeloid leukemia type) to merge it under MDS. The category of PEL has been retained under the term AML, NOS and is now the only WHO type of acute erythroid leukemia [8] . The current definition of PEL requires 80% erythroid precursor marrow involvement with at least 30% of cells being pro-erythroblasts. This category also excludes cases arising after prior cytotoxic therapy, which are instead classified as 'therapy related myeloid neoplasms'. The 2016 WHO classification, while resolving many diagnostic challenges, has brought about new complexities, particularly with regard to the elimination of erythroid/myeloid category and the consideration of whether myeloblasts should be calculated as a percentage of non-erythroid marrow ( Fig. 1) [18] . The requirement that 30% proerythroblasts is needed for AML, NOS (PEL type) has also highlighted the need for continued clarification [19] . The diagnostic criteria for AEL (erythroid/ myeloid) type and PEL type are illustrated in Fig. 1 . It is important these erythroid maturation disorders from polycythemia vera, a chronic myeloproliferative neoplasm characterized by hypercellular marrow with trilineage proliferation without dysplasia or dysmaturation. Current diagnostic criteria warrant further studies to better define optimal and important criteria for treatment and prognostication. Additionally, to date there is little evidence to suggest these criteria definitively distinguish separate biologically entities. Updated diagnostic criteria will undoubtedly impact future research designs and comparison with historical outcomes in AEL studies. In this manuscript, the terms erythroleukemia, AEL, and PEL are used in various sections to reflect the terminology used in referenced studies.
Morphologic and clinical features
Acute erythroleukemia (by WHO 2008 Criteria) represents 1% of overall de novo AML and typically occurs in older patients, predominantly in men (male to female ratio = 2:1) [20] . Pure erythroid leukemia is even more rare, constituting about 3% of acute erythroid leukemia, and has historically been associated with a dismal prognosis, with a median survival of about 2-3 months [20, 21] . This compares much less favorably with the 16 month median survival observed in patients with Di Guglielmo syndrome [21] . Importantly, the prognostic relevance of PEL is retained irrespective of whether it occurs de novo, arises from antecedent disease such as MDS, or is therapy-related [20] .
Pure erythroid leukemia differs from erythro/myeloid leukemia variant not only in the absence of the myeloblastic component but also by arrests in erythroid maturation. PEL is characterized by proliferations of maturation-arrested primitive erythroid blastic populations (Fig. 2) . The earliest morphologically recognizable forms are proerythroblasts identified in the bone marrow by their large size, central round nuclei, dispersed chromatin, one to several nucleoli, and deeply basophilic agranular cytoplasm [22] . However, leukemic blasts may be arrested at various stages of maturation, with the minimally differentiated erythroleukemias affecting cells in the BFU-E stage and the more mature morphological forms characterized by cells affected in the later stages of maturation such as in CFU-E stage. In this context, immunohistochemistry or flow cytometry may distinguish cells based on markers expressed in early stage precursors including CD71 (transferring receptor-1) and ferritin H. CD-71 is highly and selectively expressed in erythroid precursors, in all stages of maturation (Fig. 2) . Ferritin H is a soluble iron storage protein expressed in early erythroid precursors, including in acute erythroid leukemia [23] . These markers may be crucial in diagnosing acute erythroleukemia versus other morphologic forms of myeloid leukemia [22] [23] [24] . E-cadherin is another highly sensitive and specific (in this context) marker for immature erythroblasts, and helps in differentiating PEL from erythroid neoplasms. The sequential intact maturation of erythroid proliferations, observed in the MDS-erythroid/myeloid leukemia spectrum, does not occur in PEL (Fig. 3) . It is necessary to discriminate between the two diagnoses since prognosis and treatments may differ.
Current management and prognosis
Santos et al. reported on clinical outcomes of AML M6 in 91 patients treated at a single institution [25] . The study investigators found no statistically significant difference in survival between M6 and other AML subtypes (p = 0.60). This was confirmed on a multivariate analysis for overall survival where AML-M6 was not an independent risk factor. The median overall survival of the overall M6 cohort was approximately 9 months and significantly lower in M6b cohort (Pure Erythoid) compared with M6a (15 weeks vs 39 weeks, p = 0.007). Interestingly, the subtype of AML-M6 (6a and 6b) was not an independent prognostic factor for disease-free and overall survival. The authors concluded that AML-M6 by itself did not carry additional prognostic import.
Recent emphasis has been the evaluation of efficacy of hypomethylating agents in the treating TP53 mutated leukemia due their ability to function through p53 independent mechanisms to effect responses. A recent clinical study supporting these mechanisms of action reported high response rates with a 10-day regimen of decitabine in TP53 mutated AML and myelodysplastic syndrome (MDS) [26] . In a study of 36 AEL patients (81% reclassifiable as MDS, per 2016 WHO), decitabine-10 day regimens showed comparable overall survival and non-significant trend towards improved event free survival when compared with cytarabine-based regimens [27] .
PEL is associated with complex and high-risk karyotypes including chromosomes 5q and 7q abnormalities [20] . In a study evaluating patients with erythroid-predominant myeloid neoplasms, morphologic features of PEL, adverse risk cytogenetics, and other features such as hypoalbuminemia and high serum lactate dehydrogenase emerged as independent prognostic factors of death [28] . Whether prognosis in erythroleukemia links solely to its association with unfavorable karyotype, or relates also to additional disease-specific characteristics, is not well-understood. Median survival among PEL patients is 1-3 months, with no survival differences observed in patients treated with intensive chemotherapy versus hypomethylating agents (HMA) [20, 28, 29] . A more recent multinational study evaluating clinical outcomes of 217 patients with acute erythroleukemia demonstrated that intensive chemotherapy was superior to hypomethylating agents in affecting overall response but not associated with superior progression free or overall survival. Importantly, however, patients with high risk cytogenetics treated with HMA lived longer compared with intensive chemotherapy. The excellent therapeutic sensitivity to hypomethylating agents appears selective to the decitabine-10 day regimen and given the dismal outcomes with PEL and its association with high risk cytogenetics, prospective evaluation of 10-day decitabine is needed. It must be noted that while HMAs may represent a good treatment option for patients not ultimately going to transplant, the standard of care for a transplant-eligible patient would be induction chemotherapy based on current body of evidence Allogeneic hematopoietic cell transplantation improves outcomes of AEL and should be considered in all AEL patients with high risk cytogenetic features eligible for transplantation [30] . Nevertheless, studies are yet to reassess the role of transplant in PEL as currently defined in the 2016 WHO classification.
Novel therapies based on a more detailed understanding of dysregulated TP53-related molecular pathways may predictably improve current outcomes in PEL patients.
Pathophysiology

Models of erythroleukemia
It is conceivable that the molecular oncogenesis of PEL, characterized by the features of both early differentiation block and proliferation in its blast populations, would share the paradigm of the proposed double-hit model involved in AML evolution [31] . While the transformative processes in human erythroid progenitors are incompletely understood, described murine and avian models have proven valuable in this regard. The conceptual model of multistage carcinogenesis is exemplified by the Friend disease, a model system of erythroleukemia first described in 1957 [32] . Friend erythroleukemia can be induced in susceptible strains of mice by infection with the 'Friend' retrovirus complex, constituted by the replication-defective spleen focus-forming virus (SFFV) and a replication competent Friend murine leukemia virus [33, 34] . The disease evolves through two stages; the first stage being preleukemic and involving polyclonal expansion of erythroblasts. Glycoprotein 55 (Gp55), encoded by the envelope (Env) gene of SFFV, activates the erythropoietin receptor (EpoR) to cause erythropoietin-independent erythroblastosis, the effects of which are modulated by the expression of SF-Stk (a truncated form of STK receptor tyrosine kinase) [35, 36] . The second stage is transformative and is initiated by pro-viral integration upstream to the promoter of the Sfpi-1 gene that encodes PU.1, a transcription factor of the ETS (E26 transformation-specific) oncogene family. These tumorogenic erythroblasts are clonal and have shown to be consistently altered with respect to two genes, Sfpi-1 and the TP53 gene [37, 38] . Deregulated expression of PU.1 is believed to induce blockade in the erythroid differentiation program through upregulation of various potential targets including Fli1, another pro-oncogenic transcription factor, to complete the causal chain of leukemogenesis [38] [39] [40] . Later developed murine models, such as the Spi-1 transgenic model system, share more similarities with the human erythroleukemic disease than the Friend model. At the onset of Model for erythroid differentiation and pathways implicated in human/murine erythroleukemia. Scheme outlines the stages of differentiation and maturation from the common megakaryocytic-erythroid precursor stage [70] . The transcription factors, signaling proteins and miRNAs aberrantly expressed in human erythroleukemia models are highlighted in red [87] . There exists a differentiation blockade at the proerythroblast stage preventing further differentiation to more mature blasts. The underlying mechanisms responsible for the blockade are an active area of investigation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Erythroleukemic cell lines
Other in vitro models for study include an extensive repertoire of human erythroleukemic cell lines, the oldest and most extensively studied of which is the K-562 cell line. Cell line characterization studies, while confirming the shared similarities of karyotypic complexity marking the disease, have identified them to be heterogeneous in their cytogenetic, molecular and cytokine-related profiles [43] . A list of leukemic cell lines with erythroid features is outlined in Supplementary  Table 1 . These available erythroleukemia cell lines exhibit a wide range of functional characteristics, such as variable cytokine requirements and differing differentiation potential when grown in culture with or without differentiation agents. Still, significant information has been acquired from studying these cell lines, especially related to transcriptional and epigenetic programs in AEL. Some of these cell lines (K562, HEL, OCIMI, OCIM2, LAMA-84) express markers of multiple cell lineages, a characteristic found only infrequently in other primary leukemias [44] . Few of the erythroleukemia lines are bipotential precursors, with an ability to differentiate, in vitro, along megakaryocytic or erythroid lineage pathways in the presence of appropriate inducers [45] .
4.3. The role of transcription factors, molecular mutations and epigenetic alterations 4.3.1. GATA1 and PU.1 GATA1 and PU.1 function as two opposing lineage specific transcription factors that regulate erythroid and myeloid programs [46] . GATA1 plays a critical role in erythroid survival and terminal erythroid differentiation [47, 48] . The pivotal functional significance of these interactions in determining lineage fate and lineage-specific differentiation may underlie the leukemogenic mechanisms of maturation arrest consequent to dysregulated expression of these transcription factors [49] .
In vitro studies have shown that although upregulation of PU.1 contributed to erythroleukemia by causing differentiation arrest, it induced growth inhibition and apoptosis in the presence of differentiating agents such as dimethyl sulfoxide (DMSO) [50] . The growth inhibitory and apoptotic effects of PU.1 on erythroleukemic cells are associated with the downregulation of pro-survival oncogenes such as c-MYC and BCL2, and reduced DNA binding activity of the GATA1 transcription factor [50, 51] . PU.1 interacts directly with GATA1 and represses its erythroid differentiating action; introducing exogenous GATA1 was able to induce differentiation in PU.1 blocked murine erythroleukemia (MEL) cells [52] . GATA1 represses PU.1 expression by binding to the PU.1 promotor and its other regulatory upstream response elements. Available evidence suggests that the antagonistic influence of these transcription factors' function in the erythroid maturationdifferentiation program is finely modulated by their relative expression. While complete loss is lethal, graded reductions in PU.1 gene expression associate with an increasingly aggressive AML phenotype [53] . Unlike in normally differentiating erythroid precursors where GATA1 completely shuts down PU.1 to repress the myeloid program, expression of PU.1 in human AEL is maintained, albeit at reduced levels, from its incomplete repression by GATA1 [54] . It appears that a complete transcriptional repression of PU.1 leads to the loss of PU.1-dependent repression of GATA1 targets, facilitating erythroid differentiation. On the other hand, blockade of GATA1 mediated repression on PU.1 would increase PU.1 expression leading to differentiation and growth arrest [55] . One may speculate that an attenuated expression of PU.1 may paradoxically enhance leukemogenesis through changes in the nuclear environment brought about by interactions with GATA1.
GATA-1 mediated repression mechanisms exhibit distinct interspecies differences in human and murine AEL cell lines. Unlike in murine AML-EL, PU.1 repression by GATA1 additionally involves DNA binding along with H3K9 and H3K27 trimethylation at regulatory upstream enhancer and promoter regions. Along these lines, the upper response enhancer elements in human AEL cells contain a DNA methylation mark. Reversal of the DNA methylation mark via inhibition of DNMT3A, a co-occupant of the GATA1 repression complex, by hypomethylating agents has been demonstrated to inhibit leukemic growth and induce differentiation [54] . This deregulated mechanism of upper response element DNA methylation is also shared by MDS, and may even predict for clinical response to hypomethylation therapy [55] .
TP53
Rose et al. reported on molecular mutation data in a cohort of 166 AEL (M6) patients and showed that TP53 was the only gene occurring at a higher frequency within M6 as compared with the remaining overall AML cohort (36% vs 11%, respectively). Relatively lower mutational frequencies were observed for other genes including ASXL1, DNMT3A, FLT3-ITD, IDH2, NPM1, NRAS, RUNX1, and TET2 [56] . Recent data reported by Montalban-Bravo and Benton et al. revealing an especially high prevalence of at least two TP53 abnormalities (including both mutations and aberrant or deleted chromosome 17p) in > 90% of PEL patients [29] . The high frequency of TP53 alterations suggest a crucial role of TP53 in the leukemic transformation to AEL. It remains to be determined whether TP53 alterations are a proximate effect of excess cytoplasmic iron sequestered within the dysfunctional pronormoblasts. In this context, there appears to be a link between iron/heme homeostasis and p53 signaling, with p53 downregulated during iron excess, via mechanisms operating at various levels influencing nuclear export of the p53, p53 stabilization and p53-DNA interactions [57] . Iron induced DNA damage, via free radical oxygen species formation, may well contribute to the high rate of TP53 mutations and complex karyotype observed in this malignancy.
GATA1 and p53 interactions: a role in erythroleukemia?
GATA1 directly influences p53 by interacting with the p53 transactivation domain and inhibiting its transactivation in erythroid precursor cells [58] . This interaction is an erythroid cell-specific event with inhibition of p53 by GATA1, not observed in non-erythroid cells. GA-TA1 is crucial in mediating erythroid differentiation with GATA1 knockdown shown to induce erythroid leukemia in mice [59] . In this context, hyperproliferative GATA1 null erythroid cells which escape cell death may accumulate secondary mutations leading to transformation [60] . In the absence of GATA1 mediated p53 inhibition in G-ATA1 deficient cells, functional p53 pathway activation may be crucial in inducing cell cycle arrest with TP53 mutations may allow for the abnormal expansion of leukemic cells predisposing to leukemic transformation [58, 59] .
c-MYC and bromodomain inhibition
The bromodomain (BRD) family are an epigenetic class of histone modification proteins with an ability to 'read' the genome and modulate gene expression through transcriptional regulator recruitment to specific genome locations [61] . The protein family comprises four homologous proteins: BRD2, BRD3, BRD4, and BRDT, with widely varying roles on cell cycle growth and regulation. It has been demonstrated that BRDs of these reader proteins promote aberrant gene expression and sustain leukemic maintenance, at least in part to sustained MYC expression, thus paving a rationale for developing inhibitors against this class [62] (Fig. 4) . In vitro experiments with BRD inhibitors, such as JQ1, have demonstrated these agents to carry anti-leukemic activity [63] . Consistent with this, JQ1 treatment of UT7, a human erythroleukemia cell line, was able to rescue erythropoietin differentiation within a matter of two days [64] . This also highlights the importance of a cellular erythroid cycle break mediated by c-MYC inhibition before initiation of the erythropoiesis program. The therapeutic potential of BRD inhibition merits further exploration within this subtype of leukemia.
GFI-1B and LSD-1 interactions
Another important transcription factor that has been implicated in erythroid leukemia is the growth factor-independent 1B protein (GFI-1B). GFI-1B plays a crucial role in erythroid progenitor cell growth and differentiation induction [65] . Of interest, its overexpression is restricted to the AML-M6 and AML-M7 subtypes and is associated with increased proliferative capacity of progenitor cell lines [66] . Silencing its expression through siRNA was shown to decrease the proliferative capacity of HEL cell lines. GFI-1B interacts with histone demethylase LSD1 thereby repressing GBI-1B target genes and consequent differentiation of lineage specific cells. Treatment with an LSD-1 inhibitor, T-3775440, was able to disrupt the GFI-1B LSD1 interaction, leading to transdifferentiation and cell growth arrest suggesting a novel mechanism of action specifically against AEL.
KIT receptor-ligand system
A focused network of lineage-specific transcription factors play a decisive role in determining lineage fate at the crossroads of erythroid and megakaryocytic differentiation. The erythroid and megakaryocytic lines share early lineage similarities in regulatory transcription factors and cell surface marker expression; evidence suggests that the lineages diversify from a common erythroid-megakaryocytic progenitor [43] . Flow cytometric analyses have revealed HEL cell lines to exist in two distinct sub-clones: CKIT-positive, CD41b-negative (erythroid lineage markers) and CKIT-negative, CD41b-positive (megakaryocytic lineage markers). KIT receptor expression relates to the expression of lineage specific antigens and also determines phenotypic fate towards erythroid differentiation [67] . MiR-221 and miR-222, miRNAs downregulated during erythroid differentiation, down-modulate CKIT protein production through translational repression. MiR-221 and -222 gene transfer impairs proliferation and accelerates differentiation of the CKIT-positive TF-1 erythroleukemic cell lines [68] .
RUNX1 and KLF1
Another key transcription factor in AEL is RUNX1 which, along with multiple micro-RNAs, negatively affects erythroid differentiation by repressing an erythroid master regulator krueppel-like factor 1 (KLF1). Repression of KLF1 turns off the erythroid gene expression program and facilitates megakaryocytic lineage specification [69] . Recent studies have reported RUNX1 mutations in erythroleukemia, albeit at significantly lower frequencies compared with overall AML [56] . There have not yet been studies directly implicating KLF1 in human erythroleukemia.
Other transcription factors
Other relevant transcription factors involved in the erythroid differentiation program such as GATA2, SCL/TAL, NF-E2, nuclear factor-B, forkhead transcription factors (FOXO), EKLF have also been studied in various in vitro models [70] . Although these factors seem to have a pathogenic role in murine tumor models and other malignancies, mutations in genes encoding these transcription factors have not been directly implicated in human erythroleukemia.
Signaling proteins and pathways
JAK-STAT pathway
The proliferative and differentiating effects of erythropoetin (EPO) commences with ligand binding to its cognate EPO receptor. Subsequent subunit dimerization and JAK2 recruitment results in phosphorylation of several tyrosine residues on the receptor. These phosphorylated residues serve as docking sites for signal transducer and activator of transcription (STAT) transcription factors, most prominently STAT5, and phosphorylate them. Phosphorylated STAT transcription factors dimerize and enter the nucleus to activate transcription of specific genes [71] .
In vitro studies on freshly isolated human primary erythroleukemic cells demonstrated the constitutive activation of STAT1 and STAT3 and their role in promoting cell growth through c-MYC activation [72] . STAT proteins also influence various aspects of erythroid differentiation. In the Friend disease model, activated STAT3 upregulates PU.1 thus promoting progression of erythroleukemia by inhibiting erythroid differentiation [73] . Conversely, activation of transcription factors such as STAT5 correlates with erythropoietin mediated erythroid differentiation and its conditional inactivation in erythroleukemic cell lines have been demonstrated to prevent terminal differentiation [74] . Furthermore, erythroleukemic cell lines exhibit activation of multiple signaling pathways apart from JAK-STAT, including mTOR, PI3K/Akt pathways, thus serving multiple potential targets for targeted inhibitors [75] . In the Friend disease model, activating mutations in receptor tyrosine kinases including CKIT results in clonal expansion through activation of multiple signaling pathways such ERK & MAP kinases, PI3Kinase, and Src kinases [76] .
MicroRNAs
MicroRNAs are non-coding RNAs that play a crucial role in cell growth and differentiation through regulation of gene expression [77] . A miRNA profiling study in MEL cell lines found more than a hundred miRNAs to be dynamically expressed, with wide variations in expression levels, during the process of terminal differentiation induction after DMSO treatment [78] . MiR-451 and miR-144 are upregulated, whereas miR-221, miR-222, miR-24, and miR-223 are downregulated during erythroid differentiation. Among the many identified miRNAs, miR-451, an erythroid differentiation promoting miRNA, in particular, was found to increase significantly with erythroid differentiation. The investigators were further able to demonstrate, through transfection of synthetic anti-sense miR-451 oligonucleotides into MEL cells thereby inducing miR-451 knockdown, that miR-451 positively regulates erythroid differentiation. Bruchova-Votavova et al. demonstrated that enforced expression of miR-451 induced erythroid differentiation in K562 cells, an erythroleukemic cell line [79] . Comprehensive miRNA profiling data in human PEL while lacking, perhaps due to the rarity of the neoplasm, could be performed to help provide deeper insights into disease pathogenesis and potentially inform miRNA targeted cancer therapies.
Participating member proteins of the JAK-STAT pathway are tightly regulated by a network of regulatory transcription factors and microRNAs. Su et al. demonstrated that the miR-23a, -27a, and -24 miRNA cluster in particular, was dramatically downregulated in AEL patients and that restoration of their expression was able to induce apoptosis through inhibition of JAK-STAT3 pathway cascade [80] . The investigators were also able to show that the inhibition of the pathway by the miRNA cluster simultaneously involved an upregulated expression of GATA1, which through PU.1 inhibition, was able to induce erythroid differentiation. This attests to the important role of dysregulated GATA1-JAK-STAT pathway in AEL pathogenesis.
Molecular characterization of clinical samples
Earlier investigational studies had associated AEL with a high frequency of mutations and identified it to carry mutational profiles significantly different from other AML subtypes. AEL is characterized by far lower NPM1 and FLT3-ITD mutation rates and higher mutational rates in TP53 compared with other AML subtypes [81] . Also, AEL samples have been associated with lower frequency of ASXL1 and spliceosome-related mutations compared with AML-MDS and erythroid predominant MDS, respectively [82] . However, it must be noted that these studies were limited in their investigation to few candidate genes traditionally implicated in overall AML, and did not consider the pure erythroid leukemia type [81, 82] .
Recent preliminary data from a more comprehensive characterization of the genomic landscape of AEL by Iacobucci et al., using nextgeneration sequencing methods, has identified recurrent mutations in multiple genes involved in cell cycle/tumor suppression, cohesin complex formation, RNA splicing, transcription, signaling, DNA methylation and chromatin modification [75, 83] . Additionally, chimeric fusions were detected in nearly half of the cases. Interestingly, in vitro modeling of a few selected fusion transcripts identified only the expression of NUP98-JARID1A fusion protein to result in leukemia, suggesting the need for coexistence of other genetic lesions for leukemogenesis [75] . Also, mutation profile patterns varied in pediatric and adult AEL with NUP98-fusions, PTPN11, GATA1, and UBTF mutations more frequent in pediatric AEL, and TP53 and MLL mutations predominant in adult AEL. Expectantly, high risk features of complex karyotype, TP53 mutated and therapy-related AEL were associated with poor outcomes. The investigators were so far reportedly able to classify AEL into 6 subtypes based on exclusivity and co-occurrence of mutations [83] . Additionally, 33% of cases harbored signaling pathway gene mutations, 3 classes of which were found to be targetable by in vivo and in vitro studies; ALK mutations to crizotinib, tyrosine kinase domain mutations of NTRK1 to entrectinib, and JAK-STAT, mTOR, PI3K pathway targeting to JAK2 inhibitor ruxolitinib [83] . Similarly, isolated case reports of fusion genes such as NFIA-CBFA2T3 [84] and ZMYND8-RELA [85] have been described. Several of these fusion transcripts involve epigenetic regulators, transcription factors and signaling mediators and likely promote leukemogenesis through cellular pathways that have yet to be elucidated [75, 85] . Although molecular characterization has facilitated prognostication by distinguishing cytogenetic and molecular subsets, it has thus far failed to explain phenotypic and lineage attributes specific to AEL.
A proposed leukemia model
In summary, human erythroleukemia may viewed as multi-step model of leukemogenesis. Major inciting events in the initial stages are epigenetic and micro-RNA dysregulation, and transcription factor level alterations leading to differentiation arrest and resistance to apopotosis among pro-erythroblasts. Arrested pro-erythroblasts are functionally defective and hyper-proliferative; increased cellular proliferation leads to accumulation of mutations in signaling pathway genes, including TP53, leading to leukemic transformation of arrested pro-erythroblasts (Fig. 5) . Subsequent maintenance and proliferation of leukemic blasts is facilitated by continued presence of genetic/epi-genetic alterations in the already transformed leukemic blasts. Although, quantitative defects of GATA1 have not yet been reported in human erythroleukemia, attenuated GATA1 expression levels and TP53 alterations provides a multi-step model of leukemogenesis that warrants further investigation.
Summary and future directions
Erythroleukemia represents a phenotypically distinct form of AML characterized by unfavorable risk karyotype and disease features. With the emergence of pure erythroid leukemia as a pathophysiologic entity in part disconnected from its historical counterpart, erythro/myeloid leukemia variant, future clinical and translational investigational studies should reflect this distinction, especially in the setting of the newly updated WHO 2016 diagnostic criteria. Further refinements in future definitional criteria are expected, incorporating emerging mutation and chromosomal data garnered from studies inspired by a growing interest and recognition of PEL. Data from pre-clinical studies demonstrate that epigenetic alterations and micro RNA dysregulation are important in the pathogenesis of erythroleukemia and novel therapeutic strategies such as hypomethylating agents, bromodomain inhibitors, histone demethylase inhibitors, and micro-RNA targeting therapies should be explored within this subtype of leukemia (Fig. 3) . The GATA-JAK-STAT circuit represents another important dysregulated pathway that may be targeted with molecular inhibitors. In addition, the high frequency of TP53 alterations in erythroleukemia suggest that erythroleukemia patients may benefit from treatment with therapies circumventing p53 dependent cytotoxic mechanisms such as BCL-2 inhibitors and antibody drug conjugates [86] . Next generation sequencing studies have provided valuable insights into the genetic landscape of AEL, and may pave the way for the transformation from a morphologic/phenotypically based classification to an enhanced molecular classification of prognostic and therapeutic relevance. Efforts at defining the genetic and epigenetic landscape of erythroleukemia are underway, and delineating the pathogenic role of identified molecular aberrations, will guide future therapeutic strategies.
Practice points
• Pure erythroid leukemia represents a distinct clinicopathological entity characterized by high risk chromosomal abnormalities and dismal outcomes, and must be distinguished from other myeloid neoplasms with erythroid features.
• TP53 mutations confer therapeutic sensitivity to hypomethylating agents, and while the role of the 10-day decitabine regimen merits further exploration in pure erythroid leukemia, intensive chemotherapy should be the preferred treatment option based on the current body of evidence.
• Allogeneic stem cell transplantation improves outcomes in acute erythroleukemia and should be considered in AEL with high risk chromosomal features.
• Given poor responses to standard therapy, patients are best enrolled upfront in clinical trials evaluating investigational therapies such as LSD-1 inhibitors, bromodomain inhibitors, BCL2 inhibitors, and antibody drug conjugates.
Research agenda
• Improved understanding of erythroleukemia by developing better translational erythroleukemic models.
• Identification of pathognomonic signaling pathways for developing pathway specific inhibitors for AEL.
• Comprehensive profiling of genetic, epigenetic and miRNA landscape in erythroleukemia.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.blre.2017.09.002.
